Abstract: A spatially resolved absolute electroluminescence (EL) imaging method was utilized to analyze the photovoltaic properties and resistive loss properties of a GaAs thin-film solar cell. The I-V relation was extrapolated from the absolute EL efficiency measurements in conjunction with the external-quantum-efficiency (EQE) measurements; the EL extrapolated I-V relation has a merit over the conventional I-V relation measured with a solar simulator that it could eliminate the series resistance effect caused by external probe contact. Then, the mapping of the internal voltage of the solar cell and the sheet resistance of the window layer of the solar cell were obtained from the calibrated absolute EL imaging method. Finally, optic electroconversion losses of the solar cell including radiative loss, nonradiative loss, thermalization loss, transmission loss, and junction loss were quantified given by the EL and EQE measurements.
Introduction
Electroluminescence (EL) measurement is a powerful tool to characterize solar cells which has gained much attention recently [1] - [13] . By measuring the spatial distribution of the EL intensity from the top surface of solar cells, it is easy to find failures from the EL images such as electrode faults and cell cracks which has been used in maximizing module manufacturing yields such as in crystalline silicon cells [7] - [10] . Furthermore, it is possible to extract spatially resolved information about the electronic material properties of solar cells such as minority-carrier diffusion length, diode performance, series resistance, shunts and local junction voltage from the EL images [7] - [24] . Recently, an absolute EL method [25] has been demonstrated to characterize solar cells which is based on the basic reciprocity relationship [15] , [16] between EL emission in light-emitting-diode (LED) operation and the external quantum efficiency (EQE) in solar-cell operation. This method involves in obtaining measurements of the absolute EL intensity to directly evaluate the internal current-voltage (I-V) properties of solar cells, and no extra parametric adjustments or fittings are necessary [25] . Based on this method, an absolute EL imaging method has been developed to quantitative mapping the open-circuit voltage of Si solar cells and modules [26] . However, both of the work [25] , [26] made an assumption which considered the properties of the solar cells were spatially uniform on the surface. However, practical solar cells have more or less spatial inhomogeneity [27] and a more accurate method is necessary.
In this study, an absolutely calibrated electroluminescence imaging method was proposed which also considered the inhomogeneity over the surface of the solar cell. Based on the method, the mapping of the internal voltage of the solar cell, the sheet resistance of the window-layer of the solar cell were obtained. While in conjunction with the EQE measurements, the I-V properties and the quantitative optic-electro losses were also obtained.
Experimental Details
In this study, a mono-crystalline GaAs solar cell was used as the testing sample. The total area of the solar cell is 4 × 2 cm 2 . Fig. 1 shows the schematic of the experimental setup for the absolutely calibrated EL measurements of the GaAs solar cell. In Fig. 1(a1) , a silicon charge-coupled device (CCD) camera with 4800 × 6400 pixels was set above the solar cell to measure the EL images of the solar cell. The forward current was injected by a current-voltage source. The exposure time of the CCD varied from 20 ms to 2 s depending on the injection current. Then in Fig. 1(b1) , a mask was put closely above the cell which only allow part of the EL emitted from the cell surface to pass through and measured by the CCD camera. The shape of the transparent part of the mask was designed to be square with a side length of 0.5 cm. Then, a calibrated Si photodiode was put above the transparent part of the mask in Fig. 1(b1) in the face-to-face geometry as Fig. 1(c1) shows to measure the absolute EL power. The shape of the effective area of the Si photodiode is a circle with a diameter of 0.85 cm which could totally cover the transparent part of the mask. The absolute EL power was measured and denoted by ϕ (photon flux) as Fig. 1(c2) shows. The EL intensity measured by CCD is a relative quantity, the EL intensity of each pixel measured by CCD is denoted by a j as Fig. 1(b2) shows. Then a calibrated constant C was defined which could calibrate the EL intensity measured by CCD to an absolute intensity, then we have C = ϕ/ a j as Fig. 1(b2) shows. Finally, the absolute EL intensity of each pixel i (photon flux) could be calibrated to be i = C · A i , where A i is the EL intensity of each pixel measured by CCD before calibration.
The I-V curve of the GaAs solar cell was measured under AM1.5G, 1-sun illumination condition using a solar simulator at room temperature. The short-circuit current density (J sc ) was 25.3 mA/cm 2 , the open-circuit voltage (V oc ) was 0.996 V, and the energy conversion efficiency (η) was 19.4%. The EQE of the solar cell was measured by a quantum efficiency measurement system (ORIEL IQE200, Newport Corp.) where the excitation spot radius of the EQE measurement was 0.8 mm, and the spot was positioned at the cell center to ensure that the cell electrodes were avoided. The EL spectra was measured by a fiber probe connected to a spectrometer which is composed of a monochromator and a cooled silicon charge-coupled device (CCD). Fig. 2(a) shows the EL image with forward injection current of 15 mA/cm 2 measured by CCD camera without calibration with EL intensity of arbitrary unit; Fig. 2(b) shows the calibrated image of the absolute EL emission rate with unit of photons/(s·cm 2 ) based on the steps illustrated in Fig. 1 . It can be seen from Fig. 2 (b) that the maximum difference of the absolute EL intensity is about 1 order and many small local defects could be seen which indicate the inhomogeneity of the solar cell. Fig. 3 (a) shows the image of the absolute EL intensity of the GaAs solar cell under various injection current density, it is obviously to see that higher injection current density leads to higher EL emission intensity. Fig. 3(b) shows the absolute EL intensity across the cell along the x-direction (as the dash arrow shows in the inset) for three different forward injection current densities. It could be seen that the EL intensity gradually decreased along the x-direction for all current densities. It is easy to understand this point since as the distance from the left current injection electrode gradually increased along the x-direction, the voltage V(x) gradually decreased due to the resistance effect of the top p-GaAs layer and thus leading the EL intensity also decreased. G. T. Koishiyev [28] proposed a lateral current model which included the sheet resistance of the top layer ρ to illustrate the decreasing of the EL intensity along the x-direction as follows,
Results and Discussions
where φ is the EL intensity, I is the total injection current (mA), β = q/A kT and A is the diode quality factor. L and W are the cell length (x-direction) and width respectively. The red solid line shows the fitting result by using (1) which considered a sheet resistance ρ of the p-GaAs top layer with the value of (0.1 ± 0.02) / and the diode quality factor A with the value of (1.8 ± 0.05). According to the reciprocity theorem established by U. Rau [15] , the EL intensity φ em i (photons/(s·cm 2 )) of a solar cell emitted at any position "i" (the CCD camera pixel) from the solar cell's surface is given by
where Q ei (E ) is the EQE of the solar cell, E is the photon energy, q is the elementary charge, k is the Boltzmann constant and T is the Kelvin temperature, V i is the internal junction voltage and φ bb is the spectral photon density of a black body, which depends on Planck's constant h and the vacuum speed c of light, which is given by
Thus, the internal voltage V i of each pixel could be obtained based on (1) as following shows,
where < Q ei > E L presents the average value of the EQE over the EL emission spectra. Fig. 4 (a) shows three images of the internal voltage distribution over the solar cell's surface with forward injection current density of 7.5, 15, 37.5 mA/cm 2 according to (4). Here we assume the EQE is spatially uniform. Fig. 4(b) shows the internal voltage across the cell in the x-direction (as the dash arrow shows in the inset) under different forward injection current density. It is obviously to see that as the injection current density gradually increases, the voltage drop across the cell also increases, the voltage drop was considered mainly due to the sheet resistance of the top layer. Fig. 4(c) shows the internal voltage across the cell in the y-direction (as the dash arrow shows in the inset) under different forward injection current density. There is no obvious voltage drop across the y-direction for all the injection current densities. The small periodical waving of the voltage across the y-direction is due to the shading of light by the periodically distributed grid line electrodes. However, a relatively big valley was seen in Fig. 4(c) along the y-direction as the dash line rectangle shows, this is due to the broken of the grid electrode at the corresponding position on the surface of the cell where a lineshape region with low intensity along the x-direction could be seen obviously in the left images as the dash-line rectangle shows [27] . The voltage drop across the electrode broken region decreased with decreasing current density, which indicated the local series but not shunt resistance increased, since the effect of shunt resistance on the voltage is more pronounced for smaller injection current densities [29] .
U. Rau [15] stated that a solar cell that has the theoretical maximum power conversion efficiency will also act as an LED with the maximum possible luminescence efficiency, the solar-cell EQE and the external EL quantum efficiency (η LED em ) in LED operation were directly linked by a reciprocity relation. The EL quantum efficiency (η LED em ) is defined as the ratio between the number of emitted photons from the surface and the total injection electrons as follows,
where φ em (photons/(s·cm 2 )) is the total emitted photon density from the top surface of the solar cell, J i nj is the injection current density. Fig. 5 shows the measured EL quantum efficiency as a function of the injection current density J i nj , the EL quantum efficiency was found to increase gradually with increasing injection current density, which indicates an increased radiative recombination rate at increased carrier densities [30] . In Fig. 5 , both the results measured by Si-photodiode and CCD camera are presented, the EL intensity of CCD imaging was obtained by spatial integration of the CCD images and then the absolute value was calibrated by the Si-photodiode, then the EL quantum efficiency was calculated and the result coincided well with that measured by Si-photodiode which verified the reliability of the measurements. The inset shows the measured absolute EL spectra of the solar cell with various injection current density, the peak energy is around 1.42 eV which is estimated as the bandgap energy of the GaAs cell [25] . The EL quantum efficiency is obtained through the integrations of the EL peak in the absolute EL spectra.
The carrier-balance equation describing the optoelectronic processes in the solar cell irradiated with sunlight could be expressed as [25] 
where φ su n = Q e (E )S A M 1.5 (E )dE is the absorption rate of sunlight, S A M 1.5 is the standard AM1.5G solar spectrum; J is the current density (+ for forward injection current and -for photo-generated current); φ em is the external radiative emission rate as above mentioned and was experimentally obtained using absolute EL measurments; φ nr is the nonradiative recombination rate and η LED em is the EL quantum efficiency as above mentioned. According to the reciprocity relation between EL and EQE of a solar cell [15] , the absolute EL emission rate φ em is given by (2) . The absolute EL emission rate φ em as a function of the forward injection current density is experimentally measured. Therefore, the I-V curve of the solar cell could be predicted according to the equation:
Based on the I-V curve extrapolated from the EL measurement, the essential photovoltaic parameters such as V oc , FF, η and the maximum output voltage and current (V m , J m ) could be obtained. Fig. 6 shows the I-V curves evaluated from the absolute EL measurement (the red solid line) and from I-V measurement with a solar simulator (the blue open circles). The difference between the I-V curves measured by the two methods was considered mainly due to the effect of series resistance (R s ), which may originate from the cell itself including the resistance of the base bulk, the base contact and the external probe contact. The I-V curve measured by the EL method after considering a lump resistance R L (the red dash dot line) is very close to the I-V curve measured with a solar simulator, here the value of R L is estimated as 1 cm 2 . Also, the ideal I-V curve in the radiative recombination limit condition is shown (the green dot line), the difference between the I-V curve measured by the EL method and the I-V curve in the radiative limit is due to non-radiative recombination as following shows [14] ,
where the voltage loss V between the voltage in the radiative limit (V rad ) and the voltage estimated from the EL measurement (V E L ) is related to the EL quantum efficiency (η LED em ). It is noted that the bending of the I-V curve near the maximum power point (J m , V m ) is softer than that in the radiative limit, which lowers the filling factor, the soft bending in the EL I-V curve is considered to originate from the soft bending of the EL quantum efficiency curve near Jm as the inset in Fig. 6 shows. In other words, the soft bending is caused by the lowered luminescence quantum efficiency or radiative recombination efficiency at low carrier density and not by series resistance. Table 1 shows the basic parameters of the GaAs solar cell evaluated from the I-V curves obtained from I-V measurement with solar simulator, by EL method and from radiative limit estimation, respectively.
Actually, EL method has a merit over the traditional I-V measurement that it avoids the influence of the external parasitic resistance effect such as the series resistance due to the probe contact, which may affect the evaluation of the real parameters of the solar cell. For traditional I-V measurement, contact probes of high quality should be required. For common I-V measurement system especially in small laboratories without accurate calibration conditions, enormous difference due to different probe contact condition in different measurement system may occur. In Fig. 7 , the IV curves from test 1 to test 3 is obtained from different IV measurement system in different small labs (with different probe contact condition) for the same solar cell sample, it is obviously to see the great inaccuracy due to the series resistance effect from external contact. To study the effect of series resistance on the I-V measurement by the EL method, a resistor of 10 was artificial series-connected to the EL measurement system, that is, in addition to the contact probe. It can be seen that the series resistance has little influence on the I-V evaluation from the EL method, which also means that the series resistance caused by the probe contact could be ignored. The I-V measurement from EL method is especially reliable for parameters evaluation of solar cells with small internal series resistance since the series resistance caused by external probe contact could be neglected. The present measurements of EL efficiency and solar cell EQE also provided all the terms of emission loss, nonradiative loss processes in addition to the I-V curves. We evaluated all the loss/output rates in the solar cell under AM1.5G 1-sun irradiation under the working condition of maximum output power [25] . Table 2 shows the calculated parameters of the GaAs solar cell working at the maximum-output-power condition, including the energy gain and loss in the cell, and all the values are given in ratio. 19.4% of the solar energy is converted into electric energy, while the remainder goes into 0.17% radiative emission (EM) loss, 6.2% nonradiative recombination (NR) loss, 14.8% thermalization (TH) loss, 46.2% transmission (TR) loss and 13.2% junction (JN) loss. The contribution of radiative emission loss is negligibly small in the maximum-out-put-power condition. The calculated ratio of the output power 19.4% is identical with the measured cell efficiency of 19.4% as previous section shows, indicating the accuracy of the calculation.
Conclusion
In summary, an absolutely calibrated electroluminescence (EL) imaging method was utilized to investigate the properties of a GaAs thin-film solar cell. The distribution of the internal voltage of the solar cell and the sheet resistance of the window-layer of the solar cell were determined from the absolute EL measurements. Then, the I-V relation from the combination of the absolute EL and EQE measurements was extrapolated and was found to have a merit over the conventional I-V relation measured with a solar simulator that the series resistance effect caused by external probe contact could be eliminated. Finally, the optic-electro conversion losses of the solar cell including radiative loss, nonradiative loss, thermalization loss, transmission loss and junction loss were quantitatively determined from the EL and EQE measurements.
